fMRI signal changes in response to forced expiratory loading in congenital central hypoventilation syndrome. genital central hypoventilation syndrome (CCHS) patients show impaired ventilatory responses to CO 2 and hypoxia and reduced drive to breathe during sleep but retain appropriate breathing patterns in response to volition or increased exercise. Breath-by-breath influences on heart rate are also deficient. Using functional magnetic resonance imaging techniques, we examined responses over the brain to voluntary forced expiratory loading, a task that CCHS patients can perform but that results in impaired rapid heart rate variation patterns normally associated with the loading challenge. Increased signals emerged in control (n ϭ 14) over CCHS (n ϭ 13; ventilator dependent during sleep but not waking) subjects in the cingulate and right parietal cortex, cerebellar cortex and fastigial nucleus, and basal ganglia, whereas anterior cerebellar cortical sites and deep nuclei, dorsal midbrain, and dorsal pons showed increased signals in the patient group. The dorsal and ventral medulla showed delayed responses in CCHS patients. Primary motor and sensory areas bordering the central sulcus showed comparable responses in both groups. The delayed responses in medullary sensory and output regions and the aberrant reactions in cerebellar and pontine sensorimotor coordination areas suggest that rapid cardiorespiratory integration deficits in CCHS may stem from defects in these sites. Additional autonomic and perceptual motor deficits may derive from cingulate and parietal cortex aberrations.
PATIENTS WITH congenital central hypoventilation syndrome (CCHS) show impaired ventilatory responses to CO 2 and O 2 (7, 42, 46) , a reduced drive to breathe during sleep (21) , and impaired emotional responses to challenges that normally induce dyspnea (46, 53) , with a resulting loss of drive to breathe from absence of affect. However, several aspects of breathing control remain relatively intact. Affected patients are able to breathe on command (51) , increase respiratory efforts to meet metabolic needs when exercising (45, 52, 55) , and maintain adequate ventilation to cyclic movement of the foot (19) , even if the lower extremity movement is passively induced and occurs during sleep (20) . CCHS patients retain at least some components of peripheral chemoreception (18) and arouse to hypercapnia from sleep (38) , indicating that some aspects of chemosensitive afferent processes are operating, although integration with appropriate breathing output may be lacking. A substantial proportion of CCHS patients carry a heterozygous PHOX2B gene mutation (2) ; the gene governs autonomic nervous system development in mice, and alterations may modify interactions between autonomic and respiratory motor output.
The collective evidence suggests retention of voluntary breathing mechanisms and automatic respiratory synchronization processes associated with lower limb motion, long described in normal breathing control (11) , as well as intact slower cardiovascular responses accompanying chemoreceptor processes (36) . Deficiencies apparently remain in rapid integration of chemoreceptor input with breathing, rapid heart rate and breathing interactions, affective drive to breathe during waking, and automatic breathing during sleep. To investigate aberrant neural processes responsible for these patterns, we subjected CCHS and control children to forced expiratory loading and examined response patterns over the brain using functional magnetic resonance imaging (fMRI) techniques. We hypothesized that CCHS children would share common "voluntary" motor site activity with control subjects, but structures mediating rapid cardiovascular and breathing integration (breath-by-breath changes in heart rate) would differ in responses. Both control and CCHS children successfully accomplished the forced expiratory effort task, and both groups showed nearly comparable slower heart rate variability patterns accompanying the breathing efforts (26) ; however, more rapid heart rate variation was deficient in the affected children. Examination of differing neural response patterns through functional imaging should reveal mechanisms underlying these deficiencies.
METHODS
Thirteen children with a diagnosis of CCHS (7 boys, 6 girls) and 14 controls (7 boys, 7 girls) participated. Thirteen pairs were age and gender matched; the remaining control subject was matched with one CCHS subject (age in yr: mean 10.9; range 8 -15; standard deviation: controls 2.2, CCHS 2.3). Diagnosis was based on standard criteria (1). Patients were ventilated via tracheostomy only during sleep, but not during waking, and showed a clear reduction in ventilatory responses to hypercapnia. The syndrome is associated with a range of breathing deficiencies, including patients who are ventilator dependent 24 h a day, but subjects with such severe respiratory characteristics were not included in the study for practical reasons of ventilation during the challenges. Patients with Hirschsprung's disease were also excluded, as were patients with indications of cardiac disease or any indication of primary pulmonary or neuromuscular disease.
Subjects lay supine in an MRI scanner and breathed through a two-way nonrebreather valve. Tracheostomy openings were closed throughout the studies. Masking tape across the forehead and foam pads on either side of the head were used to minimize head movement. Measurements of airflow and the ECG were recorded simultaneously with the fMRI signal (26) . Each subject underwent two scanning periods, the first consisting of a 150-s baseline and the second a 30-s baseline followed without pause by a 120-s challenge. The challenge consisted of voluntary expiratory efforts against a closed glottis. Subjects were instructed to "bear down" as if performing a bowel movement during the challenge. During the 120-s challenge, subjects generally performed five to nine inspiratory efforts of 1-2 s during otherwise continuous expiratory exertion.
Images were collected by use of a 1.5-Tesla scanner (General Electric Signa, Milwaukee, WI). For each 150-s scanning period, 25 volumes of 20 oblique image slices were collected by using a gradient echo echo-planar imaging (EPI) protocol [repetition time (TR) ϭ 6 s, time to echo (TE) ϭ 60 ms, flip angle ϭ 90°, field of view (FOV) 30 ϫ 30 cm, no interslice gap, and voxel size 2.3 ϫ 2.3 ϫ 5 mm]. The EPI protocol used the blood oxygen level-dependent (BOLD) intrinsic contrast to highlight changes in neural activity during the challenge. Conventional spin-echo T1-weighted images (TR ϭ 500 ms, TE ϭ 9 ms, FOV ϭ 30 ϫ 30 cm, no interslice gap, voxel size 1.2 ϫ 1.2 ϫ 5 mm) were collected at the same location and orientation to aid in anatomical identification.
The images were preprocessed by use of a statistical parametric mapping package, SPM (16) , and custom software. Volumes were corrected for differences in the timing of slice acquisition, motion corrected, spatially normalized, and smoothed. Global changes were removed (35) , and the images were subsequently analyzed for significant signal changes.
Two types of analyses were performed on the preprocessed images: 1) volume-of-interest (VOI) analysis using custom routines, and 2) cluster analysis using SPM. VOI analysis used a priori defined regions, manually outlined on a subject-by-subject basis to account for individual variation, within which the voxel intensities were averaged for each subject. Repeated-measures ANOVA (RMANOVA) was used to assess both differences from baseline for each group and response differences between the groups (29) . The global BOLD signal, i.e., the average intensity across the entire brain volume at each time point, was analyzed in a similar manner before detrending. Cluster analysis was performed over the entire brain on a voxel-byvoxel basis, comparing the time course of each voxel to a parametric boxcar model [step function from baseline (off) to challenge (on)], convolved with a standard hemodynamic response function. Such a model was calculated for each subject, with resulting estimates of the contribution of the boxcar pattern at each voxel recorded. Clusters of voxels in which group differences between CCHS and control subjects approximately matched this boxcar pattern were identified by performing a two-sample t-test of the boxcar estimates at each voxel (described in the fMRI literature as a population or "random effects" analysis). Cluster analysis was used to provide an overview of areas in which response patterns differed between groups. Strict modeling to the boxcar pattern, however, has the potential to result in false negative indications of differences, because some patterns may occur early and transiently or others may emerge late in the challenge and be undetected by the procedure. For that reason, we used cluster analysis with less conservative statistical criteria (P Ͻ 0.1, false discovery rate correction for multiple comparisons) and applied RMANOVA to the time trends from the clusters, rejecting clusters with RMANOVA P Ն 0.05. For selected clusters, the average time courses of all voxels within that cluster were extracted and plotted for the two groups.
RESULTS
Physiology. Physiological characteristics of the breathing challenge have been described earlier (26) . Briefly, during baseline, CCHS patients showed overall reduced heart rate variability, but slower variation (Ͻ0.1 Hz) was much better preserved than more rapid variation, i.e., breath-by-breath changes in heart rate. In response to the challenge, heart rates initially decreased in both control and CCHS patients; however, heart rates of the CCHS group increased after 30 s, a pattern not followed by the control group. The change in breath-by-breath heart rate variation in response to the challenge was significantly reduced in CCHS patients.
Global BOLD signal. The global BOLD signal declined in both groups later in the challenge, but no group differences emerged ( Fig. 1) ; detrending removed all global effects (35) .
VOI analysis. Areas selected for VOI analysis are shown in Fig. 2 , and time trends from those areas are shown in Fig. 3 . Table 1 summarizes the results. Significantly different patterns between groups were often lateralized (e.g., dentate and lentiform nuclei, amygdala) or developed early (dorsal and ventral medulla) or transiently (left insula, vermis, right lentiform nucleus, dorsal pons). In the dorsal and ventral medulla, the control response was an early transient decline in signal; however, signals declined only after a 20-s delay in CCHS patients. Responses in the dorsal pons were transiently higher in CCHS but lower in controls. In the hippocampus, signals from control subjects declined, but no change emerged in CCHS. The right dentate nucleus showed an early transient decline in control subjects but a significant and sustained elevation in CCHS patients. Areas of sustained differences in responses emerged in the head of the caudate (rise in controls, decline in CCHS), ventral pons, and dorsal and ventral midbrain (rise in CCHS, decline in controls).
Cluster analysis. Cortical areas where signals increased or decreased throughout the challenge in both groups are shown in Fig. 4 and tabulated in Table 2 . Regions of signal increase emerged bilaterally in primary cortical regions related to sensory and motor control in the frontal and parietal cortex bordering the central fissure and included supplementary sensory parietal areas. A smaller number of regions exhibited signal decreases in both groups, including areas deep within the posterior and superior surface of the right temporal lobe, and hippocampus, insula, and head of caudate. The frontal and parietal cortical representation of common increase was bilateral; the declining temporal signals emerged on the right side.
The areas in which signals differed significantly in controls from CCHS patients are shown in Figs. 5-7 and Table 3 . Areas in which control values were greater than in CCHS patients included the posterior, mid, and anterior cingulate cortex, preferentially on the right side and extending to the frontal cortex, anterior dorsal thalamus and basal ganglia, right insula and superior temporal cortex, fastigial nucleus, and dorsal cerebellar cortex. CCHS patients showed significantly greater signal changes over control subjects in the dorsal pons and dorsal and medial midbrain, anterior cerebellar cortex, and isolated portions of the frontal, temporal, and parietal cortices and right hippocampus ( Fig. 5 ). Although primary motor and sensory region responses were largely similar in the two groups, areas within the right parietal cortex and posterior temporal cortex showed increased signals in control subjects over CCHS patients (Fig. 6 ), principally on the surface.
Time trends for selected clusters overlapping regions of the superior temporal and anterior cingulate cortices, fastigial nucleus, and anterior cerebellum are shown in Fig. 7 . The trends illustrate the absence of a response (anterior cerebellum, anterior cingulate cortex) in CCHS patients or a decline in response when control subjects increase signal (fastigial nucleus, superior temporal cortex).
DISCUSSION
Overview. Several brain sites in CCHS patients showed functional deficits, even when subjects were confronted with a voluntary breathing challenge that they were able to execute, albeit with certain differences in cardiovascular patterning. Voluntary motor and sensory areas in the primary cortex bordering the central sulcus showed only minor differences between groups, suggesting that functions within those areas are essentially intact. However, dorsal pontine and midbrain areas as well as sites within the anterior cerebellar cortex and the hippocampus were recruited more in CCHS than controls, indicating possible compensatory actions in those areas for the significantly lower signals in multiple other sites. Of interest among the altered responses were delays in the dorsal and ventral medulla. Among those sites showing diminished responses in CCHS, the cingulate cortex, head of caudate, lenticular nuclei, insula, superior temporal cortex, fastigial nucleus, and lateral cerebellar cortex were prominent. The response patterns differed only late in the response in the cerebellar fastigial nucleus, unlike other sites.
Interpretation and limitations. The BOLD signal is an indirect measure of neural synaptic activity, with several potential confounds and limitations on following rapid responses (31) . These limitations pose restrictions on interpretation of results.
The removal of all patterns matching global effects means that the findings do not include signal trends matching those global patterns. The consequence of correction for global effects is the potential for false negative rather than erroneous detection, i.e., the lack of detection of BOLD responses corresponding to neural activations when such activation precisely follows the global trend.
The CCHS group was ventilator dependent during sleep but not waking. The syndrome is characterized by variation in symptomatology, and it is possible that CCHS patients who are ventilator dependent 24 h/day may differ in their neural responses. Patients who are entirely dependent on mechanical ventilation may lack development of voluntary neural structures necessary for the loading challenge, and those deficits may be especially expressed in more rostral brain regions found here. Voluntary motor regions. Responses in voluntary primary motor cortex were similar in both groups, a finding consistent with the apparent capability of CCHS patients to breathe on command. The activated regions within sensory and motor cortices included areas more ventrally sited than those previously reported for a hyperpnea task (40) , likely because the expiratory loading task requires more extensive recruitment of upper airway musculature and afferent processes. Striatal areas, implicated by others in voluntary breathing (15) , also participated.
The caudate (head) and lenticular nuclei showed diminished responses in CCHS patients. In addition, other nonvoluntary motor areas, e.g., the dorsal pons, dorsal midbrain, anterior cerebellar cortex, and cerebellar dentate nuclei, showed increased signal in CCHS patients. The latter areas, in particular the cerebellar dentate nuclei, perform sensorimotor coordination roles below the level of conscious intent. Deficiencies appeared in motor areas but primarily in basal ganglia and cerebellar and pontine regions associated with automatic motor corrective action.
Medulla, pons, and midbrain. Both the dorsal and ventral medulla showed delayed response onsets in CCHS patients, suggesting an inability of the dorsal medulla to activate rapidly to afferent information mediated by the nucleus of the solitary tract (NTS, sited within the dorsal medulla), although other functions are controlled within this dorsal region. Such a delay may underlie deficits in rapid modulation of cardiorespiratory interactions in CCHS patients. The dorsal pons showed a rapid-onset elevated response in CCHS subjects, unlike controls. A case study previously suggested elevated activity in the dorsal pontine parabrachial complex of CCHS patients (50) . Because increased signal represents enhanced synaptic activity (31) , pontine respiratory phase-switching structures may be activated more in this task in CCHS than in control subjects and may be compensating for impaired dorsal and ventral medullary action. The medullary abnormalities may result from decreased density of neurons and myelinated nerve fibers (30, 43) or may reflect processes altered by aberrant PHOX2B gene expression, which shows a high incidence of mutation in CCHS patients (2) and appears to play a major role in visceral sensory structures, including the NTS (9). The potential for PHOX2B mutations to affect breathing control by alterations in NTS function would appear to be of special significance in this study, because substantial aberrations in signal were found from this region in CCHS patients.
Cerebellum. The anterior lateral cerebellar cortex and dentate nuclei increased signal in CCHS patients over controls and likely act in unison with the dorsal pons and midbrain to provide compensatory motor efforts to overcome integrative sensorimotor control deficits in CCHS patients. The enhanced cerebellar action may interact with the basal ganglia, causing the relative decline in CCHS signal in those structures as well.
The late-developing cerebellar fastigial nucleus responses may relate to cardiovascular aspects of the task; breathing against a load leads to rapid elevation of blood pressure and concurrent heart rate slowing, with a subsequent fall in blood pressure and increase in heart rate after release (13) . The Significance was tested using repeated measures ANOVA (P Ͻ 0.05). Significant signal increase (ϩ), or decrease (Ϫ), or no significant difference over more than 1 time point (0) is indicated for each group, relative to baseline. Group differences are indicated by an asterisk (*). Where both groups increased and a group effect was noted, the group with the greater extent of signal change is indicated by ϩϩ; similarly, -is used for greater extent of decrease. Fig. 4 . Three-dimensional rendered brain images showing cortical areas of common responses in both control and CCHS groups, with regions of signal increase in green and signal decrease in blue. Degree of color saturation indicates proximity to the cortical surface, with more saturated values closer to the surface; the light blue shading on the right temporal cortex represents common signal decreases deep to the surface. CCHS patients initially slowed heart rate, but that response reversed later in the challenge, unlike controls. The fastigial nucleus plays essential roles in mediating compensatory responses to blood pressure challenges (6, 32) and regulation of phrenic output (60, 61) . CCHS is associated with lower resting blood pressure during waking but little or no "dipping" during sleep (56), suggesting a weakened or missing aspect of autonomic regulation.
Vermal areas increased responses in CCHS over control subjects; this region is activated to extreme expiratory loading (47) . The increased signal in the vermis observed in the present study likely represents compensatory motoric efforts required to complete the task.
Hippocampus. The hippocampus increases activity on initiation of inspiration after a sigh in animals (48) . The structure may contribute to enhanced drive to initiate respiratory efforts in these CCHS patients to overcome delays in deficient fastresponding physiological actions.
Parietal cortex. Control subjects showed large signal increases over CCHS patients in the right parietal and posterior temporal cortices, regions associated with integration of spatial sensorimotor relationships. Although higher order perceptual processes are not generally believed to be significantly disturbed in CCHS patients, there is evidence of below-average motor and eye-hand coordination performance (54) . Integration of internal movement cues for spatial navigation of directed motor behavior has been proposed as a posterior cingulate cortex function (25) , and the parietal cortex would provide aspects of internal spatial sensory cues for such movement. The deficient responses in both parietal and cingulate cortex may contribute to inadequate motor coordination.
Cingulate cortex. The cingulate cortex differences ranged over the entire structure and extended to the medial frontal cortex. Anterior cingulate regions have been implicated in roles for behaviors related to intentions to move (24), responses based on reward (4, 28, 44), or general aspects of conflict between potential actions (10, 12, 39) . A significant role for participation in aspects of sympathetic outflow rather than cognitive conflict resolution has also been suggested for the dorsal anterior cingulate (8) . The anterior cingulate contains neurons that discharge with both respiratory and cardiac patterning (17) and responds to a range of blood pressure manipulations (23, 27) , including elicitation of large rises in blood pressure and heart rate on stimulation (3). Stimulation of the anterior portion also elicits upper airway action in respiratory-related behaviors, such as vocalization (58) . The region shows recruitment to respiratory tasks that involve dyspnea (47) and has extensive projections to insular cortex, hippocampal, and hypothalamic areas (5, 57) . The anterior cingulate has been implicated in structural and response deficits in other breathing disorders, especially obstructive sleep apnea and heart failure, the latter syndrome associated with Cheyne-Stokes and obstructed breathing (22, 23, 34) .
The expiratory loading task may have elicited dyspnea, and CCHS patients show an absence of affect to the perception of breathlessness (46, 53) . However, the onset of the differences in cingulate responses emerged early, whereas the perception of dyspnea would be expected to appear late in the challenge, and nearly the entire extent of the cingulate appeared to be involved; only a portion of the cingulate cortex has been implicated in dyspnea reactions (14, 47) . The challenge would elevate blood pressure and thus recruit sympathetic activation earlier noted to be associated with dorsal anterior cingulate cortex action. More caudal portions of the cingulate cortex project differently from anterior portions, preferentially targeting primary motor cortex, rather than premotor areas receiving anterior cingulate fibers (59) . It may be the case that multiple physiological characteristics, including regulation of sympathetic outflow, intention to move, and resolution of the decision to move, all show deficiencies in CCHS patients.
Because the cingulate cortex is affected in multiple respiratory disorders, the structure may play a general role in motor patterning for breathing that is not normally considered in respiratory regulation. Expiratory loading includes aspects of intent of action, emotional responses to restriction of airflow, associated autonomic responses, and choice of appropriate respiratory muscle action. Autonomic responses are impaired in CCHS patients to the expiratory loading as well as other breathing challenges (26, 36) , but the capability to voluntarily intend to breathe and consciously perform that action is apparently intact. The principal defect in the cingulate may lie with regulation of autonomic characteristics of the response, with secondary defects in aspects of intentional movement control. The cingulate cortex likely acts in concert with the insular cortex to which it projects, a region associated with regulation of autonomic outflow (41, 62) .
Hypoxic vs. developmental injury. CCHS patients are often exposed to hypoxic episodes of varying severity, as a consequence of failed ventilation during sleep or other circumstances, and these episodes can damage neural tissue. The areas classically associated with hypoxic damage include Purkinje cells in the cerebellar cortex, hippocampal structures, especially the CA1 area, and certain cortical areas (37, 49) . Several of these structures showed different fMRI signal patterns to the challenge in CCHS patients. It was not possible in the present studies to distinguish between abnormalities caused by preexisting neural maldevelopment and neural tissue damage resulting from hypoxia. Recently developed spectroscopic and other magnetic resonance procedures may, however, assist that differentiation in the future. Table 3 . Clusters of voxels with a significant difference in response between groups (Figure 1 ) Global signal changes. Any challenge that induces the pronounced cardiovascular changes found here has the potential to modify global perfusion of the brain; those global signals could interact with regional signal changes. There was a mild decrease in the global signal in both groups. There was no significant group difference, but, nevertheless, to control for such a potential confound, we removed global effects by removing, on a voxel-by-voxel basis, any pattern that followed the global signal (35) . The risk of such a detrending technique is an increase in false negatives, i.e., not detecting responses that follow the pattern of the global signal.
An earlier examination of global BOLD signal patterns showed that the extent of vascular reactivity was diminished to hypercapnic, hypoxic, and hyperoxic stimuli in CCHS patients and that rapidly acting global reactions were deficient. Impaired reactivity to autoregulatory processes could potentially include the localized BOLD responses and be reflected in the regional response differences we found. However, the responses in CCHS patients were not uniform in magnitude or direction relative to controls; CCHS patients showed some regional signal responses that were larger than controls and in other areas the same or smaller than those of the nonpatient group. Moreover, very rapid responses emerged in CCHS patients within selected regions, arguing against the possibility of a uniform muted regional responsiveness.
In summary, the purpose of the study was to determine neural regions responsible for abnormal short-term, cardiorespiratory integrative deficiencies in CCHS to expiratory loading whereas adequate longer latency and voluntary respiratory responses are retained. The primary voluntary motor cortex responses in CCHS were essentially intact, but response delays occurred in the dorsal and ventral medulla, and different patterns emerged in the cerebellum and dorsal pons. More rapid sensorimotor integration may have been affected by altered medullary, cerebellar, and pontine response timing. Autonomic deficits likely developed from deficits in the fastigial nucleus, localized portions of the cingulate cortex, and insula. Aberrant responses in parietal and other portions of the cingulate cortex suggest broader problems in spatial-motor patterning.
